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ABSTRACT 

It is known that the addition of salts to symmetric block copolymers leads to stabilization of ordered phases and 

an increase in domain spacing; both trends are consistent with an increase in the effective Flory-Huggins 

interaction parameter between the blocks, χ.  In this work, we show that the addition of salt to a disordered 

asymmetric block copolymer first leads to the formation of coexisting ordered phases which give way to a 

reentrant disordered phase at a higher salt concentration.  The coexisting phases are both body centered cubic 

(BCC) with different domain spacings, stabilized by partitioning of the salt.  Further increase in salt concentration 

results in yet another disorder-to-order transition; hexagonally packed cylinders are obtained in the high salt 

concentration limit.  The coexisting phases formed at intermediate salt concentration, elucidated by electron 

tomography, showed the absence of macroscopic regions with distinct BCC lattices.  A different asymmetric 

block copolymer with composition in the vicinity of the sample described above only showed only a single 

disorder-to-order transition.  However, the dependence of domain spacing on salt concentration was distinctly 

non-monotonic, and similar to that of the sample with the reentrant phase behavior.   This dependence appears 

to be an announcement of reentrant phase transitions in asymmetric block copolymer electrolytes.  These 

results cannot be mapped on to the traditional theory of block copolymer electrolyte self-assembly based on an 

effective χ. 

INTRODUCTION 

There is continuing experimental
1–8

 and theoretical
9–12

 interest in the thermodynamic properties of block 

copolymer electrolytes. A commonly studied system is polystyrene-block-poly(ethylene oxide) (SEO) mixed with 

lithium bis(trifluoromethanesulfonyl) imide salt, SEO/LiTFSI.  The thermodynamic interactions in these systems 

are often expressed in terms of an effective Flory-Huggins interaction parameter between the blocks, χ. Current 

work suggests that χ increases with increasing salt concentration.
2–5,13,14

   It is, perhaps, surprising that the 

addition of salt to disordered block copolymers generally results in the formation of ordered phases.
15–17

 

Experimental work thus far focuses on symmetric (or nearly symmetric) block copolymers.
2,18,19

  The purpose of 
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this paper is to describe the thermodynamic properties of a series of asymmetric block copolymer electrolytes. 

Our work builds on previous studies on neat asymmetric block copolymers.
20–22

  Particularly relevant to the 

present study is the limited long-range order observed in some asymmetric systems.
23–25

 We report on disorder-

order and order-order phase transitions that are very different from those reported in previous studies. In 

particular, we show that reentrant phase transitions are possible in these systems. The addition of salt to a 

disordered block copolymer first leads to the formation of ordered phases which give way to a reentrant 

disordered phase upon further salt addition. In the ordered state, we find two coexisting phases with the same 

geometry but different lattice constants.  

EXPERIMENTAL SECTION 

Synthesis and preparation of the block copolymer electrolytes  

The SEO copolymers were synthesized using methods described in ref. 26 and purified using methods 

described in ref. 4. The electrolytes were prepared according to methods described in ref. 27 using argon 

gloveboxes. SAXS samples were prepared by pressing/melting the polymer into a 1/8 in. diameter spacer made 

of 1/32 in. thick Aflas rubber and annealing them at 120 °C overnight followed by a 24 hour period of controlled 

cooling under vacuum to room temperature. The samples were sealed with Kapton windows.  

Small Angle X-ray Scattering (SAXS) 

SAXS measurements were performed at beamline 7.3.3. at the Advanced Light Source (ALS) at Lawrence 

Berkeley National Laboratory
28

 and beamline 1-5 at the Stanford Synchrotron Radiation Lightsource (SSRL) at 

SLAC National Accelerator Laboratory. Silver behenate was used to determine the beam center and sample-to-

detector distance. The scattered intensity was corrected for beam transmission and empty cell scattering. Two-

dimensional scattering patterns were integrated azimuthally using the Nika program for IGOR Pro to produce 

one-dimensional scattering profiles and are reported as scattering intensity, I, as a function of the scattering 

vector, q.
29

   Measurements were taken in a custom-built 8-sample heating stage, starting at 132 °C and cooling 

in steps of about 10 °C to 75 °C. Samples were annealed for about 30 min at each temperature before taking 
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measurements. A typical temperature scan takes about six hours (including time required to cool the sample 

stage). To a good approximation, the SAXS profiles of all our samples were independent of temperature in the 

range studied. We thus only discuss data obtained at the highest temperature in the main text. The temperature 

range of our SAXS experiments is well above the melting temperature of the crystallizable poly(ethylene oxide) 

(PEO) block. Data obtained at the lowest temperature, 75 °C, is shown in the Supplemental Information.   

Electron Tomography 

A bulk sample, annealed using the same protocol used to prepare the SAXS samples, was sectioned at -120
 
°C 

using cryo-microtome (Leica Ultracut 6) to obtain an ultrathin film (~100nm). The ultrathin film was transferred 

to C-flat grid with ultrathin continuous carbon supporting film and stored in a glove box immediately after cryo-

microtoming to minimize the effect of humidity. PEO domains were stained to increase contrast and stability 

under electron beam by exposing the ultrathin film to RuO4 vapor for 10 minutes at room temperature. 5 nm 

gold colloid nanoparticles were deposited on the backside of the grid as fiducial markers. Dual-axis tomography 

was performed using Philps CM200 transmission electron microscope at 200 KV at the Donner Lab Electron 

Microscopy Facility at Lawrence Berkeley National Lab. The tilt series were collected with 1.5 degrees step from -

65 to 65 degrees. Tomograms were reconstructed and filtered (nonlinear anisotropic diffusion filter) in IMOD. 

The tomogram of a small area was binarized for segmentation by adjusting threshold.
30–32

 

 

Table 1. Characteristics of polymers synthesized and used in this study 

Polymer MPS  

(kg mol
-

1
) 

MPEO  

(kg mol
-1
) 

fEO 

 

PDI NPS 

 

NEO 

 

N 

 

SEO(17.4-3.9) 17.4 3.9 0.18 1.04 287 63 350 

SEO(9.4-2.4) 9.4 2.4 0.20 1.04 155 39 194 

SEO(9.4-4.0) 9.4 4.0 0.29 1.04 155 65 220 

Parameters fEO, NPS, NEO were evaluated at 140 °C 
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Figure 1. SAXS profiles at 132 °C for (a) SEO(9.4-4.0) (b) SEO(17.4-3.9) and (c) SEO(9.4-2.4) at varying salt concentrations. 

The    , ,  represent primary and higher ordering scattering peaks for morphologies DIS, HEX, BCC respectively. The 

presence of both filled and open symbols indicates coexistence between ordered phases. 

 

RESULTS AND DISCUSSION 

The properties of the polymers used in this study are given in Table 1. We refer to each copolymer by its 

molecular weight, for example, in SEO(9.4-4.0) the molecular weights of the polystyrene (PS) and PEO blocks are  

9.4 kg mol
-1

 and 4.0 kg mol
-1

. Figure 1 shows the scattering profiles of the block copolymer electrolytes at 132 °C 

at selected salt concentrations.  LiTFSI concentrations are reported as the molar ratio of lithium ions to ethylene 

oxide moieties: � �
����

����
. For SEO(9.4-4.0), Figure 1a, we see that the addition of salt drives microphase 

separation, as previously reported.
4,5,7

 The broad scattering peak obtained in the neat sample becomes sharper 

at r = 0.005. The scattering profiles obtained in this salt concentration regime (0 ≤ r ≤ 0.005) are consistent with 

a disordered state. Further increase of salt concentration to r = 0.01 results in dramatic sharpening of the 

primary scattering peak and the emergence of higher order scattering reflections at 
	

	∗
� √3	and √4 where q

*
 is 

the location of the primary scattering peak, consistent with a hexagonally packed cylindrical phase (HEX). These 

reflections persist at all remaining salt concentrations, and at higher salt concentrations,	� � 0.025, higher order 

reflections at  
	

	∗
� √7 and √9 appear. For SEO(17.4-3.9), Figure 1b, the neat sample is also disordered, and the 
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addition of salt induces microphase separation at all measured salt concentrations (0.005 ≤ r ≤ 0.075). The 

higher order scattering reflections in this sample are located at  
	

	∗
� √2, √3, and √6 indicative of a body center 

cubic spherical phase (BCC). The 
	

	∗
� √2 peak is not detected for r = 0.01, 0.05, and 0.075 due to the 

broadening of the primary q
*
 peak.  

More complex phase transformations are seen with SEO(9.4-2.4), Figure 1c. The neat polymer is disordered as 

is the mixture with r = 0.005. However, we see the emergence of two coexisting BCC phases at r = 0.01. The 

scattering signatures of the larger BCC lattice are indicated by open symbols while those of the smaller BCC 

lattice are indicated by filled symbols in Figure 1c. Reflections at 
	

	∗
� √2 and √3 corresponding to both lattices 

are seen in Figure 1c. To our knowledge, two coexisting lattices with the same symmetry have been neither 

observed nor predicted in block copolymer systems.  The domain spacing, given by � �
��

	∗
, of the two coexisting 

BCC lattices are 12.8 and 14.8 nm.  It is apparent that the two BCC phases must have different salt 

concentrations; if this were not the case, it is impossible to rationalize the presence of two coexisting 

morphologies.
33

 Further increase in overall salt concentration to r = 0.025 results in the formation of a reentrant 

disordered phase. Finally, at r = 0.05 and r = 0.075, a single HEX phase is obtained with higher order scattering 

reflections at 
	

	∗
� √3, √4, √7	and √9. SEO(9.4-2.4) exhibits phase behavior that appears to be a combination of 

behaviors observed in SEO(9.4-4.0) and SEO(17.4-3.9). While SEO(9.4-4.0) and SEO(17.4-3.9) electrolytes exhibit 

HEX and BCC phases in the ordered state, SEO(9.4-2.4) electrolytes exhibit both ordered phases. For all three 

block copolymers, the addition of salt results in broadening of SAXS peaks associated with the ordered phase, 

suggesting a decrease in long-range order. In previous studies, we have used TEM to establish this effect, which 

arises due to the formation of temporary crosslinks created by the coordination of PEO chains and Li
+
 ions that 

impede chain motion.
34
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The disordered and ordered morphologies of the block copolymer electrolytes are shown in Figure 2a on a 

plot of salt concentration in the PEO domains, r, versus volume fraction of the PEO-rich domains, fEO,salt. We 

Figure 2: a) Phase behavior of SEO/salt mixtures on 

a plot of salt concentration versus volume fraction 

of the PEO-rich conducting microphase at 75 °C -132 

°C b) Domain spacing of a series of SEO block 

copolymers at 132 °C as a function of salt 

concentration. For both diagrams, the yellow, blue, 

green and orange regions correspond to BCC, HEX, 

DIS, and coexisting BCC phases, respectively.  
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calculate fEO,salt based on the assumption that LiTFSI preferentially segregates into the PEO domains and from 

reported densities of LiTFSI/PEO mixtures in ref 35.
36,37

  The phase diagram contains three sets of data points 

representing the three polymers; as salt is added to the copolymer, fEO,salt increases linearly with r for each 

polymer. SEO(9.4-4.0) and SEO(17.4-3.9) exhibit one salt-induced phase transformation from DIS to HEX and DIS 

to BCC respectively. SEO(9.4-2.4) exhibits three phase transformations: DIS to coexisting BCC lattices to DIS to 

HEX. The Gibbs phase rule requires coexistence at all phase boundaries. We conclude that the widths of all of 

the coexistence windows in the samples are smaller than our coarse steps in salt concentration; for example, the 

Gibbs phase rule necessitates coexistence of DIS and BCC phases at the disorder-order boundary.
16

 The origin of 

the two coexisting BCC lattices, which were observed throughout the entire temperature window in two 

independently prepared samples, is thus not clear. Figure 2a thus applies to the entire temperature window. The 

fact that the morphologies of the copolymers listed in Table 1 can be represented on a simple r versus fEO,salt 

diagram (Figure 2a) is non-trivial.  

The effect of added salt on block copolymer thermodynamics is due to two competing factors: (1) the addition 

of salt generally increases the effective χ between the blocks and induces ordering, (2) the salt molecules 

partition into and swell the PEO domains, thereby increasing fEO. The fEO of neat SEO(9.4-2.4) is 0.20, which is at 

the border between BCC and HEX phases. (Floudas et al. studied the phase behavior of poly(ethylene oxide)-

block-polyisoprene block copolymers, where the BCC/HEX border was identified at fEO = 0.21.
22

) Adding salt to 

SEO(9.4-2.4) at r = 0.01 results in the formation of coexisting BCC lattices consistent with (1). The salt 

concentration at this composition does not result in sufficient swelling of the PEO domain to obtain hexagonally 

packed PEO cylinders. This phase is only formed at r ≥ 0.05. The disordered phase at an intermediate salt 

concentration, r = 0.025, is due to the interplay between the two competing factors.   

The dependence of domain spacing, d, on salt concentration, r, is shown in Figure 2b. The colors in the figure 

depict the morphology of the electrolytes. The simplest behavior is seen in SEO(9.4-4.0) wherein d increases 

monotonically with increasing r with no discontinuity at the DIS to HEX transition.
2–4

 The domain spacing of neat 

SEO(9.4-2.4) is identical to that of neat SEO(9.4-4.0), but it decreases with increasing salt concentration before 
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increasing at r = 0.01 where two coexisting BCC lattices are obtained. It is unusual that a salt-containing sample 

would have a lower d compared to its neat counterpart. Further increase of salt concentration results in a 

decrease in d as the sample disorders. At r ≥ 0.025, d increases monotonically with increasing r with no 

discontinuity at the DIS to HEX transition. The dependence of d on r of SEO(17.4-3.9) is most interesting. This 

sample exhibits a simple DIS to BCC transition, but the dependence of d on r is non-monotonic, similar to that of 

SEO(9.4-2.4). These two copolymers have similar compositions but their chains lengths differ by a factor of 1.8. 

One may thus regard the non-monotonic dependence of d on r in SEO(17.4-3.9) as “announcements” of BCC 

coexistence at lower molecular weights in the same composition window.    

The chains of SEO(9.4-2.4) at r = 0.01 exhibit different extents of chain stretching, depending on the BCC lattice 

they belong to. The reason for the fact that the coexisting morphology has a lower free energy than that of a 

single BCC phase with intermediate chain stretching remains to be determined. Computer simulations suggest 

that each lithium ion is associated with six coordinating oxygen atoms.
38–40

 Perhaps, discrete chain 

conformations are preferred due to these interactions, and the free energy gain from adopting these 

conformations is large enough to offset the entropic penalty of heterogeneous salt distribution.    
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The nature of the coexisting BCC lattices was further studied by transmission electron tomography. We are not 

aware of any prior studies wherein electron tomography has been used to study the morphology of weakly 

ordered block copolymers in the vicinity of order-disorder transitions.  Three dimensional tomograms were 

obtained from the r = 0.01 sample of SEO(9.4-2.4)/LiTFSI stained with RuO4. Figure 3a shows slices of the 

tomogram obtained from dual-axis reconstruction of the data. The dark domains represent the RuO4 stained 

Figure 3: (a) Tomogram obtained from dual-

axis reconstruction of RuO4 stained 

SEO/LiTFSI r = 0.01 sample. Dark domains 

represent the RuO4 stained PEO block. (b) 

Region of tomogram with increased long-

range order. Scale bar represents 25 nm. 
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PEO/LiTFSI spherical domains. Electron tomography confirms that the sample contains only spheres, consistent 

with our interpretation of the SAXS profile. It is also evident, however, that our sample does not contain easily 

identifiable macroscopic regions with two different lattice constants. Some regions did, however, show evidence 

of BCC lattices with limited long-range order.  One such region is shown in Figure 3b.  Quantitative analysis of the 

entire tomogram is necessary to reveal correlations between the spherical domains.  

 

 

Figure 4: (a) FFT of single slice of tomogram. 

Sector average was performed along the white 

arrow. (b) Sector averaged (red triangles) and 

circular averaged (black line) intensity versus 

scattering vector, q. The black arrows indicate 

the locations of the observed primary SAXS 

peaks. 
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Figure 4a shows the Fourier transform (FT) of a typical slice obtained by electron tomography; e.g. see Figure 

3a.  The anisotropy of the FT is attributed to distortion due to compression along one axis during cryo-

sectioning. Figure 4b shows a sector-averaged intensity versus scattering vector, q, for the FT. The averaging was 

conducted along the non-compressed axis, indicated by the white arrow in Figure 4a. The circularly averaged FT 

of the same slice, shown by a continuous black line in Figure 4b is qualitatively similar to the sector-averaged FT.   

The FT analysis was repeated for several slices and the results of three slices are given in the supplemental 

information (Figure SI2).  All of the FTs are very similar to that given in Figure 4b.  The arrows in Figure 4b 

indicate the positions of the primary peaks observed in SAXS; recall that SAXS revealed the presence of two BCC 

lattices. There is reasonable agreement between the FT peak and the SAXS data.  The relatively subtle difference 

in the lattice constants of the coexisting BCC structures obtained by SAXS are lost in the FT analysis.  We posit 

that this is due to complications related to the electron tomography experiments such as missing spheres due to 

incomplete staining and distortions during cryo-sectioning.   While our TEM data provide support for our 

interpretation of the SAXS profile of SEO(9.4-2.4) r = 0.01, it also reveals the complexity of coexisting phases that 

are obtained in the vicinity of order-disorder transitions.   

CONCLUSION 

In conclusion, we have determined the morphology of mixtures of asymmetric block copolymers and a lithium 

salt by SAXS and electron tomography. SAXS results show that the addition of salt to a disordered asymmetric 

block copolymer first leads to the formation of coexisting BCC lattices, which give way to a reentrant disordered 

phase at a higher salt concentration. Further increase in salt concentration results in the formation of 

hexagonally packed cylinders. Electron tomography showed the absence of macroscopic regions with distinct 

BCC lattices. However, the Fourier transforms of tomogram slices were qualitatively consistent with the SAXS 

results. Doubling the chain length at fixed composition (or nearly so) resulted in a single disorder-to-order 

transition with added salt. Reducing the asymmetry at fixed chain length (or nearly so) also resulted in a single 

disorder-to-order transition with added salt. These results cannot be mapped on to any of the existing theories 

of the thermodynamics of block copolymer/salt mixtures.
9–12
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